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ABSTRACT Soft actuators developed for hand rehabilitation show promise, but their practical application
requires addressing individual differences and establishing suitable design rules. While joint modular soft
actuators offer flexibility for diverse hand dimensions, existing performance validations have only examined
a limited number of actuator sizes and neglected crucial factors like joint alignment. Customization efforts
have lacked standardization, relying on a trial-and-error approach. Therefore, this study systematically
evaluates the impact of actuator design parameters (size and mounting position) on joint range of motion
(ROM) and torque, proposing novel design rules based on linear optimization. Experimental assessments,
conducted on dummy fingers emulating human biomechanics, provide profound insights into the intricate
interplay of design parameters and support performance. The findings strongly advocate maintaining a
reference position for stable support, irrespective of actuator size, emphasizing the need to align the actuator
with the joint center. The proposed design rules incorporate user-specific finger information, offering
customized design rules. Proportionate actuator lengths to single-phalangeal length (PsPL), Proportionate
actuator lengths to multi-phalangeal length (PmPL), Proportionate actuator lengths to Range of Motion
(PROM), and the Traditional Method are systematically compared. Assistive performances (ROM and
torque) and trajectory analysis reveal that the PsPL-designed actuator exhibits the most stable and natural
assistive performance. This study emphasizes the importance of understanding actuator deformations
for personalized adaptation, providing valuable insights for advancements in assistive and rehabilitative
technologies.

INDEX TERMS Soft robotics, soft actuator, hand rehabilitation, finger-motion assistance, personalization,
individual differences, design rules.

I. INTRODUCTION

Until now, many different types of wearable devices have
been developed to assist in hand rehabilitation, and in recent
years, individual differences and their adaptations have begun
to be recognized as important design factors, in addition to
the function of motor assistance [1], [2], [3]. In addition to
rehabilitation patients, there are individual differences in the
hands depending on age, sex, and the presence or absence
of paralytic symptoms. For example, they are typified by the
hand finger size (length dimensions), finger joint range of
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motion (ROM), and joint stiffness. According to a survey
of finger dimensions in the Japanese population conducted
by the Research Center for Human Life Engineering, the
average length from the proximal end of the metacarpal bone
to the fingertip varies by 13.7 mm between adult men and
women, with age-related differences being more pronounced
[4]. Orthopedic and surgical studies of the hand have also
reported that finger joint ROM is not constant, even in
healthy groups, and that some rehabilitation patients have
restricted ROM [5], [6]. Increased joint stiffness is often
observed in the hands of patients presenting with paralytic
symptoms. Because the degree of these factors varies with an
individual’s medical condition, the assistance required varies
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from patient to patient. While a given joint ROM and stiffness
can be addressed by controlling the output of the device,
the proper design of an individualized device concerning
size and joint alignment is required. Therefore, personalized
design is an important step toward the practical application of
rehabilitation devices.

Soft actuator-based rehabilitation devices are promising
in terms of personalization. Pneu-net and fiber-reinforced
soft actuators are typical molded elastomeric actuators used
in hand rehabilitation [7], [8], [9], [10], [11]. They are
designed with a chamber structure inside the soft actuator
and fiber wrapping around the outer circumference to enable
bending and twisting in specific directions [9], [11], [12],
[13]. In general, soft actuators are considered potentially safer
and more capable of absorbing individual differences than
traditional rehabilitation devices with rigid systems because
of their higher viscoelasticity and adaptability. In particular,
it has been claimed that they can be adjusted and produced to
fit the fingers of a user, especially in terms of size [1], [14],
[15]. However, the adjustment process involved measuring
the finger length of the user and remaking the mold from
scratch to mold the soft actuator. This method is not very
fast, and any change in the length of the soft actuator can
unintentionally affect the assistive performance. For example,
a soft actuator tailored for a person with short fingers may not
function as well as an actuator of normal length. In addition,
such actuators may not provide a sufficient angle or force
for proper bending, which leads to improper rehabilitation
depending on the joint conditions [3]. It has been reported
that a misalignment between the actuator and the hand finger
size may cause discomfort and deviation from the natural
movement of the hand [15]. Moreover, it has been argued that
soft actuators do not require precise joint positioning as rigid
devices do [1], [14]. This is because the viscoelasticity and
backdrivability of soft actuators are believed to absorb the
misalignment of the axis of rotation and unexpected loads
[2]. Furthermore, most conventional soft actuators, that is,
the whole-finger soft actuator, are designed to cover the
entire finger with a single-chambered soft actuator and have
not been considered for joint alignment [9], [16]. Therefore,
traditional soft actuators are insufficient for individual
customization.

To the best of our knowledge, the only approach with
potential for low-cost personalization is the modularization
of soft actuators. Modularized soft actuators (i.e., joint-
modular soft actuators) differ from traditional whole-finger
soft actuators in that each joint has an individual actuator.
Joint-modular actuators developed for individual adaptations
include fabric-based, bellow-based, and fiber-reinforced
elastomer-based soft actuators [3], [17], [18], [19], [20].
These joint-modular actuators were interconnected with 3D-
printed parts and attached to the patient. Therefore, the pro-
cess of personalized adjustment requires only modification
of the 3D-printed parts and much less time than re-molding
the entire actuator. This allows easy customization per
module and individual control of the finger joints to assist
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in motion. Our previous studies also showed that fiber-
reinforced elastomer-based joint-modular actuators exhibit
higher flexion performance at lower pneumatic inputs than
conventional whole-finger actuators or other types of joint-
modular actuators [20]. They also demonstrated a more
consistent joint angle and torque support performance than
conventional soft actuators for three typical finger sizes [3].
However, all relevant studies, including our previous work,
examined only one or several sizes of actuators or hand
fingers. In particular, in the case of joint-modular actuators,
because each actuator is independent, the size and joint
alignment, that is, the mounting position, have not been
considered, even though they are more important design
parameters.

Although actuator designs for personal adaptation have
been proposed, most of them either provide several typical
sizes or are based on trial and error to match the lengths of
the user’s fingers [3], [15], [20]. However, these methods
may not provide the best actuator for the individual,
or customization may take a long time and be expensive.
It is also unclear which actuator design is best for user and
personal adaptation. However, there are still no criteria for
determining the most important design parameters such as
size and mounting position. Therefore, clarifying the effects
of each design parameter and defining a design methodology
for individual adaptation will help ensure rapid customization
and improve the performance of soft rehabilitation gloves in
practical applications.

This study investigated the effect of design parameters
for personalization on the support performance of a joint-
modular actuator, focusing on the size and mounting position.
In addition, four design rules based on linear optimization
using information from the user’s fingers as constraints
were proposed and compared. First, a joint-modular actuator
based on a fiber-reinforced modular elastomeric actuator was
redesigned, and its basic performance was characterized.
Subsequently, the effects of different sizes and mounting
positions on the performance of the actuator were verified by
measuring the joint ROM and torque with a dummy finger.
Finally, the effect of personalizable design rules reflecting
the results was tested on a dummy finger, and the safety was
examined by comparing it with the trajectory of a healthy
human hand joint.

Il. JOINT MODULAR SOFT ACTUATOR

A. PRINCIPAL DESIGN

The joint-modular soft actuator consists of a silicone body,
an internal chamber, an air inlet tube, reinforcement fibers,
and connectors at both ends (Fig.1). Joint-modular actuators
can be connected to a 3D-printed connector or spacer. For
example, three joint-modular actuators must be connected
with connectors or spacers to support the index finger. Joint-
modular actuators with different lengths can be fabricated by
changing the mold. In addition, connectors and spacers can
be fabricated quickly using a 3D printer to match the user’s
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FIGURE 2. CAD drawings: cross sections and dimensions of joint-modular
actuator.

hand dimensions. Therefore, the design can be customized to
suit the users with minimal effort.

The factors that affect the performance of the joint-modular
actuator include the silicone and reinforcement fiber material,
and the design of the chamber shape, width, and length.
The silicone used to make the actuator was Dragon Skin
10NV (Smooth-On, Inc., US), and the reinforcement fiber
was selected as cotton thread (Shinwa Rules Co., Japan).
The cross-sectional shape of the actuator internal chamber
was determined to be semicircular. Based on the results of
previous studies, materials were selected for stable operation
of the actuator, and the shape was chosen to maximize the
bending performance [8], [9], [21]. The width of the chamber
was maximized to fit the average width of the Japanese
fingers, and all designs were standardized for comparison [4].
On the other hand, the length of the actuator was chosen to
investigate its effect on performance, with 10, 15, 20, 25, and
30 mm as representative test cases (Fig. 2). The difference in
lengths chosen as the test cases was &+ 5 and 10 mm based on
20 mm, which was designed as the standard size in previous
studies [3], [22]. This length can also be modified according
to the design rules described in SectionlI-C.

B. CHARACTERIZATION

Before the relationship between the actuator and fingers
can be investigated, it is necessary to determine the char-
acteristics of the actuator relative to its design parameters
(Iength). In several previous studies, the basic performance
or characteristics of soft actuators were measured in terms
of the bending angle during actuator pressurization [8],
[9]. Therefore, this study investigated the bending angles
of individual actuators of different sizes. As in previous
studies, the bending angle is defined as the angle between the
normal vectors of the actuator tip and root edges (Fig. 3) [3].
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The bending angle can be measured by reading 2D markers
attached to the tip and root of the actuator from the camera
images. Joint-modular actuators with chamber sizes of 10, 15,
20, 25, and 30 mm were selected as test cases, as described
in Section II-A. The air pressure during the characterization
was set to 50, 100, and 150 kPa.

Bending angle
ing, Sl

FIGURE 3. Definition of bending angle as an actuator characteristic and
its measurement setup.
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FIGURE 4. Bending angle as chamber-length-dependent function of air
pressure.

Fig.4 shows the relationship between the joint-modular
actuator size and the bending properties. The plot shows
the average of the three data points, and the error bars
show the variance. Under the same experimental air pressure,
the actuator’s size increased, and the bending angle also
increased. The relationship between the actuator size and
bending angle remained consistent across all experimental
air pressure conditions. This indicated that the bending
performance of the actuator was proportional to its length as
a design parameter. This trend is similar to that of a related
study, which showed that longer actuators with a specific
cross-sectional area and geometry provide better bending
performance [8]. The bending angle also increased with the
air pressure, similar to the characteristics of soft actuators
reported in previous studies [8]. Thus, the joint-modular
actuator has the same characteristics as the other actuators,
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FIGURE 5. Relationship between actuator and finger dimensions in the
design rules.

indicating that maximizing the design parameters (length)
leads to better bending performance.

C. DESIGN RULES FOR PERSONALIZATION

This study proposes four design rules with constraints based
on user-hand information to adapt to individual differences.
The characterization shown in SectionII-B shows that the
larger the length of the actuator, the better the bending
performance. Therefore, it is necessary to maximize the
length and optimize the overall design to improve the bending
performance of the actuator, while adapting to individual
differences. Therefore, in this study, the relationship between
the length of each joint-modular actuator and the connector
or spacer configured to support a single finger is presented as
a linear function and considered as an optimization problem
to maximize the length of the actuator. The optimization
problem is then solved using linear programming with an
objective function and constraints based on the user’s hand
information. The objective function for maximizing the
actuator length in linear programming is as follows:

arg max Xi — Vi (H

where x denotes the actuator length, y the connector length,
and the subscripts indicate the corresponding joint positions
(Fig.5). Maximizing the length of the actuator in the limited
space above the finger is also synonymous with minimizing
the spacer, and Equation1 was set up to find a unique
solution.

A common constraint of linear programming is that the
length of each phalange of the user must match the lengths
of the corresponding actuator, connector, or spacer. The
common constraint are as follows:

Xi
5 + i

ci = . . 2)
Sy (22
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where ¢ denotes the length of the phalanx, and the subscript
denotes the corresponding joint position. This constraint
implies that the lengths of the three assembled actuators and
spacers match the lengths of the fingers of the user.

The four proposed design rules differ in their constraints,
except for Equation2. The constraints added by the three
proposed design rules included the length of each phalanx or
joint ROM, which was used as the weight to determine the
actuator length. The length of each phalanx or joint ROM is
a parameter that has been commonly used in previous studies
when designing actuators through trial and error, and it is
necessary to verify the effectiveness of these parameters in
practice [3], [17]. Therefore, the remaining one rule follows
the traditional method and is not weighted to determine the
length of each actuator for comparison.

The first rule determines that the actuator length is
proportional to the length of the distal phalanx adjacent
to a specified joint. This paper describes this rule as
“Proportionate actuator lengths to single-phalangeal length
(PsPL). The relationship between the size of each actuator
and phalangeal length is as follows:

n_m_x% 3
C1 (&) c3

Each denominator represents the length of the correspond-
ing phalanx, which directly affects the actuator size. The
longer the phalanx of the denominator, the larger the actuator
size.

The second rule determines the actuator length in pro-
portion to the length of the bilateral phalanges adjacent
to a specified joint. This paper describes this rule as
“Proportionate actuator lengths to multi-phalangeal length
(PmPL). The constraints are almost the same as those for
the first rule; however, information on the lengths of the two
phalanges is used in the denominator.

X1 _ X2 _ x_3 (4)
c1+

)+ C3 B 2c3

As in Equation3, the longer the phalanges, the larger
the actuator size. However, the difference in each actuator
length is more moderate than that in equation 3 because of
the use of the two phalangeal length information. The rules
in Equations 3 and 4, PsPL and PmPL, preferentially design
longer actuators at joints with more room for finger length.
Therefore, because human phalanges are generally longer in
the order of proximal, middle, and distal, the actuators for
each joint are also larger in the order of Metacarpophalangeal
(MCP), proximal interphalangeal (PIP), and distal interpha-
langeal (DIP) joints.

The third rule determines the actuator length in proportion
to the joint ROM. This rule is described as “‘Proportionate
actuator lengths to ROM (PROM)” in this paper. Unlike the
first and second rules, PsSPL and PmPL, the ROM of each joint
is used as a constraint.

Xl X2 X3
d — d  ds ®

14477



IEEE Access

S. Kokubu et al.: Deriving Design Rules for Personalization of Soft Rehabilitation Gloves

TABLE 1. Constraint constants used in linear programming for actuator design and the results of deriving each design rule based on them.

Cc1 2 €3 X1 X2 X3 1 Y2 V3
Constraint Finger lengths 20.60 27.10 37.84 - - - - - -
constants
Design rule PsPL - - - 23.41 30.79 43.00 8.90 0 0.95
PmPL - - - 22.95 31.25 36.42 9.12 0 4.01
PROM - - - 24.09 30.11 27.10 8.56 0 9.23
Traditional method - - - 27.10 27.10 27.10 7.05 0 10.74
(mm)
where d indicates the joint ROM, and the subscript indicates DIP joint
the corresponding joint position. Because Ueba et al. reported .
that the typical joint ROM in healthy subjects is 90, 100, PIP joint
and 80 ° for the MCP, PIP, and DIP joints, respectively,
these ROM data were employed in this study [23]. According MCP joint

to this rule, longer actuators are preferentially designed for
joints with a greater ROM. Therefore, the actuators for each
joint are larger in the order of the PIP, MCP, and DIP joints.

Finally, a rule commonly used in previous studies was
suggested for comparison [3], [20]. This design rule uses
the same size for all actuators. This rule will be called the
“Traditional Method” in this paper. The constraints of this
rule are simple, and all the actuator sizes are equalized.

(6)

By combining Equations 4 and 6, the length of the actuator
is determined by the length of the shortest phalanx. Sub-
sequently, the connector and spacer lengths are determined
based on the size of the actuator.

These rules uniquely determine the lengths of all the
actuators, connectors, and spacers, thereby facilitating per-
sonal customization. In this study, the average finger size of
Japanese people was used as a test case for the constraints,
and actuators were made based on the respective design
rules (Table 1) [4]. The proposed design rules were also
compared in terms of support performance, as described in
Section III-B.

X1 = X2 = X3

lIl. EVALUATIONS

A. VERIFICATION OF EFFECTS OF SIZE AND MOUNTING
POSITION

To investigate the effects of different actuator sizes and
mounting positions on assistive performance, we mounted
each actuator on a dummy finger and measured the joint ROM
and torque. ROM and torque are basic measurement items
often used to evaluate the support performance of actuators
[31, [9], [24], [25]. Therefore, they were selected as indices to
investigate the effects of different actuator sizes and mounting
positions on the support performance.

Dummy fingers that mimic the structure and biomechanics
of a human finger were used for quantitative measurements
(Fig.6). The dummy finger was designed based on the average
finger size of Japanese people (Fig.7) [4]. The dummy
fingers have simplified MCP, PIP, and DIP joints, with pin
joints and several holes for fixation. Only dummy finger
MCP joints and actuators were used as representatives for
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this measurement. Actuator sizes (chamber lengths) of 10, 15,
20, 25, and 30 mm were chosen, as described in Section II-A.
The mounting position was shifted 5 and 10 mm in the distal
and proximal directions concerning the center of the joint
and actuator (Fig.8). This joint actuator position criterion
has also been commonly used in previous studies [3], [19].
Including that reference position, the mounting positions are
—10, -5, 0, 5, and 10 mm, with positive values indicating the
distal direction and negative values indicating the proximal
direction. For each mounting position, the root of the actuator
was fixed to the dummy finger holder using a connector and
the tip was banded.

Joint ROM was measured by mounting each actuator on
the dummy finger and tracking each joint position with
2D motion capture (Fig.9) Markers were placed at three
locations: the base of the dummy finger, the MCP joint,
and the fingertip. The angle of each joint was defined using
a marker on the joint and two markers above and below
it. To ensure a fair comparison of the actuators, they were
banded to dummy fingers at the same relative positions, and
the same bands were used. The air pressure range was set to
0-150 kPa for these measurements.

Torque is defined as the product of the force generated
during actuator pressurization and the distance between the
finger joint and force gauge. The torque at each joint was

16.11
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measured by fixing one side of the joint to an acrylic
plate with a shaft and placing the other side on a force
gauge (Fig.10). Similar to the joint ROM measurements,
the actuators were banded at the same relative positions
using the same band. The air pressure ranged was set for
this measurement from O to 100 kPa. Thus, there were two
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FIGURE 11. Definition of ROM at each joint: all ROM measurements were
taken simultaneously at all joints.
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FIGURE 12. Deflmtlon of torque at each joint: torque measurements were
taken for each joint individually.
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measurement items for 50 measurements: one dummy finger
joint, five actuator sizes, and five mounting positions. These
measurements were performed at least three times, and the
average value was evaluated.

B. COMPARISON OF DESIGN RULES

To investigate the effectiveness of each proposed design
method, the joint ROM, torque, and trajectory were measured
by mounting the actuators based on each design rule on the
dummy fingers. As explained in Section III-A, the joint ROM
and torque are fundamental items chosen as benchmarks for
support performance. Considering practical situations, joint
trajectories were added to the measurement items.

Dummy fingers were used in this measurement, as in
the experiment described in SectionIII-A for the quantita-
tive measures. In this experiment, modular joint actuators
assembled for the DIP, PIP, and MCP joints were used
for evaluation under more realistic conditions. The actuator
design was determined according to the dummy finger
dimensions by using the four design rules mentioned in
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Section [I-C (Table 1). Three actuators were designed and
fabricated to support the DIP, PIP, and MCP joints according
to each design rule, and connectors and spacers were used
as needed. The assembled actuators were banded to dummy
fingers at the reference positions using connectors and bands.

Joint ROM was measured in the same manner as in
the experiment in Section III-A; however, to measure the
ROM of all joints, markers were placed at five locations:
the base of the dummy finger, MCP, PIP, DIP joint,
and fingertips (Fig.11). All actuators were pressurized
simultaneously, and all joint ROMs were measured. The air
pressure ranged was set for this measurement from 0 to
150 kPa.

The torque was also measured in the same manner as in the
experiment described in Section III-A, but separately for each
joint. This is because the specifications of the measurement
setup do not allow the simultaneous measurement of all joints
(Fig.12). The air pressure range was set to 0-100 kPa for these
measurements. Thus, two measurement items, three dummy
finger joints, and four actuator designs were considered to
measure the joint ROM and torque, resulting in a total of
24 measurements.

Trajectories can be measured by reading markers placed
on the dummy fingers. Therefore, the setup for the trajectory
measurement was the same as that for the ROM measurement
(Fig. 11). The actuators were simultaneously pressurized,
and the trajectory of each joint of the dummy finger was
measured. For these measurements, the pressure range was
set from 0 kPa to 150 kPa. These measurements were
performed at least three times. The trajectories generated by
the actuators mounting the dummy finger were compared
with the trajectory data of a human male index finger in total
flexion for evaluation [26]. In comparison, the trajectory data
of the human index finger were normalized to the length of
the dummy finger while maintaining all joint positions and
angles.

IV. RESULTS

A. VERIFICATION OF EFFECTS OF SIZE AND MOUNTING
POSITION

The measured ROM and torque results were divided into
columns for each actuator size and color-coded for each
mounting position, as shown in Fig. 13 and 14. The difference
in the ROM and torque from the value of the reference
mounting position is shown in Fig.15 and 16 in a similar
layout.

The joint ROM increased with increasing air pressure,
regardless of the size or mounting position. The maximum
ROM tended to increase with the actuator size. These
trends are similar to those of a previous study and actuator
characterization results [3]. However, for larger sizes (25 and
30 mm), the ROM stabilized at a constant angle of 100 kPa
and above. This constant angle was the maximum angle
at which the dummy finger could bend. The angle cannot
be larger than 90 °, which is the maximum angle of the

14480

dummy finger’s MCP joint, owing to the specifications of this
measurement method.

Differences in ROM according to the mounting position of
the actuator on the dummy finger were observed for all sizes,
albeit to varying degrees. This difference tended to be greater
further away from the reference in the distal or positive
directions. The differences were more pronounced for the
actuator sizes of 10 mm, 15 mm, and 20 mm. In addition,
smaller actuator sizes (10 and 15 mm) sometimes showed a
larger ROM than the reference, whereas the others showed
either a small error of less than 5 ° or a smaller ROM than
the reference. The difference in ROM for the larger actuator
sizes (25 and 30 mm) became drastically smaller at 100 kPa
because the ROM for the larger actuator sizes stabilized at a
constant angle of 100 kPa and higher.

The torque increased with the air pressure, regardless of the
size or mounting position. The maximum torque also tends
to increase slightly with an increase in actuator size. The
increase is approximately the same trend as in the result of
the ROM, but to a lesser degree. This was attributed to the
deformation of the actuator and the force escaping to the top,
because the torque was measured with the joint fixed.

Torque differences according to the mounting position
were shown to be the same extent for all sizes. The torque
results at one of the mounting positions are prominent,
whereas those at the other mounting positions converge to
almost the same values. For instance, with chamber sizes of
10 or 15 mm, the torque showed its peak value at a mounting
position of 10 mm. For a chamber size of 20 mm, this occurs
at a mounting position of 5 mm, while for chamber sizes
of 25 or 30 mm, the maximum torque is observed at the
reference position, which is 0 mm.

B. COMPARISON OF DESIGN RULES

The ROM and torque results are divided by columns into
values and totals for each joint and color-coded using the
design method, as shown in Fig. 17 and 18.

Regardless of the design rule, the joint ROM and torque
increased with the air pressure. These trends are similar
to those of a previous study and ROM results [3]. The
transitions and maximum ROM values vary according to
the design rule (Fig.17 and19). The traditional method
showed the largest ROM for the DIP joint, whereas PsPL
showed the largest ROM for the PIP and MCP joints.
However, the difference in the maximum ROM for each
design rule also differed by joint, especially in the DIP
joint, where the difference was smaller than that in the other
joints. The actuator length differences for each design rule
also varied by joint, and the differences were particularly
small for the DIP joints. The total ROM of each joint was
larger in the order of PsPL, PmPL, traditional method, and
PROM, the value of which is 201°, 194°, 180°, and 164°,
respectively. The maximum difference in the total values of
ROMs according to the design rule was approximately 40°.

The torque transitions and maximum values differed
depending on the design rule, and the differences were

VOLUME 12, 2024
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FIGURE 15. Difference in ROM of MCP joints from reference position.
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FIGURE 16. Difference in torque of MCP joints from reference position.

particularly small for the DIP joints(Fig.18 and 20). By con-
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larger in the order of PsPL, PmPL, traditional method,

and PROM, the value of which is 0.14, 0.01, 0.09, and
0.08 Nm, respectively. The maximum difference in the total

trast, the PsPL design rule showed a higher torque for
all joints. The maximum total torque for each joint was
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FIGURE 19. Maximum ROM per joint by the design rules.

torque values according to the design rule was approximately
0.05 Nm.

The results of the trajectory of the dummy finger with
the mounted actuator and the data of the trajectory of the
human male index finger are shown in Fig.21. The dots in
Fig.21 indicate the positions of each measured joint marker,
and the positions of each joint at the initial, intermediate,
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FIGURE 20. Maximum torque per joint by the design rules.

and final locations are connected by lines. The shapes of the
trajectories generated by the dummy fingers with actuators
mounted for each design rule were round and roughly
consistent. However, the trajectories of the fingertips differed
slightly from those of the other joints, and their final locations
differed. The degree of flexion at each location connected
by a line shows that PsPL is the most flexed, followed by
PmPL and the other design rules. The degree of flexion at
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FIGURE 21. Trajectory of dummy fingers and human finger joints.

each location connected by a line also indicated that the PsPL
was most consistent with the actual finger.

As described in the literature [27], actual finger trajectories
are rounded and resemble isometric curves to some extent.
The curves were similar when the actual finger trajectory
was compared with the dummy finger trajectory of the
joints. However, the fingertip trajectory of the dummy finger
exhibited a constant angular curve. Simultaneously, a slight
curvature occurred near the final destination of the real finger.
The slight curvature near the final location is caused by the
fingertip pushing against the soft tissue of the basal phalanx
because the PIP joint flexes after the DIP joint has already
reached its maximum flexion [26]. Consequently, the final
location of the fingertip tip differed between the actual and
dummy fingers.

V. DISCUSSION

A. EFFECTS OF SIZE AND MOUNTING POSITION

The effect of the mounting position on the joint ROM and
torque was observed for all sizes, but the effect varied
slightly. The effect of the mounting position could be caused
by a misalignment between the movement trajectory of
the actuator and the rotational motion of the joint. When
pressurized, the actuator expands and bends in an arc.
However, if the actuator is displaced from the center of the
joint, it is also displaced from the natural rotational motion
of the finger. This effect is particularly noticeable for smaller
actuators, and the difference in the ROM or torque from the
reference position value tends to be large. This is because
even if the misalignment of the mounting position occurs
at the same distance, the distance will be relatively large
depending on the size of the actuator. For example, a 5 mm
misalignment is approximately 17% of the travel for a 30 mm
actuator, for a 10 mm actuator, it corresponds to 50% of
the travel. Therefore, even soft actuators, particularly those
with small sizes, may need to account for misalignment of
the mounting position to ensure stable support performance.
In addition, even with large actuators, a large misalignment
such as 10 mm resulted in a maximum of 10 ° in the ROM and
0.02 Nm in torque less performance than the maximum value
of the reference position. Therefore, the use of an actuator in
the reference position is desirable, even for large sizes. This
was also evident from the analysis of the response surfaces
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with respect to ROM and torque for the actuator design
parameters such as chamber size and mounting position
(Figure 22, 23).

However, some results showed better ROM or torque than
the reference owing to the misalignment of the mounting
position. This phenomenon could be due to a shift in the
point of action of the force exerted by the actuator on the
finger due to the misalignment of the mounting position. Even
if the force generated is the same, if the point of action is
shifted, the rotation center or torque arm will be different,
resulting in a change in the ROM or torque. Considering
this phenomenon, intentionally shifting the actuator in the
distal or proximal direction for small actuators may lead to
better support performance. However, the ROM and torque
changes were inversely proportional and occurred only when
the mounting position was + 5 with a small actuator.
Specifically, in this situation, extra force (torque) may be
applied to the finger even if it is within the defective ROM,
or there may be insufficient torque even if there is sufficient
ROM. This situation is not only ineffective for rehabilitation
but can also be counterproductive. Therefore, based on the
results obtained in this study, mounting the actuator in the
reference position provided a stable assistive performance.
However, the effects of the size and mounting position of
the actuator and finger on support performances other than
those measured in this study need to be clarified. In particular,
careful measurement and observation of the loads on joints
and soft tissues exerted by actuators and external loads are
necessary to examine safety in real-world applications and
will be the focus of future research.

B. DESIGN RULES

The three new actuator design methods and the traditional
method showed differences in the results for both the joint
ROM and torque at all joints. It is clear from both previous
studies and the experiments in this study that the performance
varies depending on the length of the actuator [15]. This
difference is natural because the actuator length varies
depending on the design rules. The difference was significant
for the MCP and PIP joints but slight for the DIP joint.
This can be attributed to the fact that the differences in the
lengths of the actuators fabricated using each design method
were larger at the MCP and PIP joints than at the DIP joint.
In particular, for the MCP joints, the ROM results were
proportional to the designed actuator size. This is consistent
with the characterization trends of the actuator bending
angles for each size in SectionII-B. The total actuator size
for each design rule was higher for PsPL, PmPL, PROM, and
Traditional, in that order, and the total ROM and torque values
were approximately in that order. Therefore, it was shown that
maximizing the length of the actuator, which was the premise
for the design rule, was effective for improving the supporting
performance. The PsPL considered the optimal design rule in
this study is proportional to the length of the phalangeal bone,
allowing the design of relatively long actuators. The actuator
for the DIP joint performed worse with the PsPL than with the
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FIGURE 23. Torque response surface of actuator by design parameters.

traditional method, but this may be fine. This can be explained
by the fact that the DIP joint is less important than the other
joints for grasping and other hand movements, and that the
ROM and torque required for flexion are smaller [23], [28].
In addition, given that the MCP joint requires more torque
due to contractures in rehabilitation patients, this method is
rather convenient [29], [30], [31].

However, the order of actuator size, ROM, and torque
magnitude did not always match for joints such as the DIP and
PIP joints. For example, the PROM had the largest actuator
size in the PIP joint; however, the measured ROM was the
smallest. This could be due to the interaction between the
fixation method and actuators of each joint. First, the actuator
of the MCP joint was screwed through the connector, unlike
the other joints, while the other joints were banded in the same
relative position with the same band. Furthermore, because all
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joints were measured simultaneously, the deformation due to
the expansion of the actuators in the other joints affected each
other. Therefore, the combination of each actuator design
can be related to the overall support performance. Although
it is difficult to observe the deformation of actuators and
their interactions with each other in actual equipment, this is
an important factor in establishing design rules for personal
adaptation. Therefore, our future work will investigate the
interrelationship between actuators and fingers based on a
kinematic model of the actuators.

The trajectories of the dummy finger with the actuators
almost matched the actual finger trajectories, except for the
fingertip results. In particular, the dummy finger trajectory
obtained by the actuator designed using the PsPL rule was
the closest to the actual finger trajectory. This indicates
that soft actuators fabricated with each design rule can
provide natural motion. The fact that the trajectory did not
deviate significantly indicated that abnormal joint loading
was unlikely to occur. In addition, the deviation of the
actuator from the finger, which is thought to lead to the
joint strain reported in previous studies, was not observed
[3]. However, there are two main reasons for the different
fingertip trajectories. One is the size of the actuator and the
other is the control method used in the experiment.

The actuators for DIP joints were not designed to be large
in most of the design methods proposed in this study. This
is because the phalanges near the DIP joint are generally
shorter and the range of motion of the DIP joint is smaller.
The position of the fingertip depends on the movement
angle of the actuator in the DIP joint. Considering that the
actuator size affects the bending performance, the design rule
may need to be improved to achieve more natural finger
motions. However, because the decision of the size of each
actuator is a trade-off, careful prioritization is necessary.
Furthermore, when considering practical applications, the
size of the actuator is constrained by the overall system
weight and resource consumption (power, compressed air,
etc.), thus multi-objective optimization is preferred.

In the trajectory measurements, the actuators of all
joints were controlled to be pressurized simultaneously.
Therefore, all joints flexed almost simultaneously during the
measurement. However, when total flexion occurs in an actual
finger, the order of flexion differs from joint to joint. For
example, in a previous study, the DIP joint was flexed to
its maximum value before the PIP joint [26]. Therefore,
the control method used in this study may have caused
differences in the trajectory results for the actual and dummy
fingers. However, joint-modular actuators have the potential
advantage of being controllable individually. Establishing
a control method that follows the actual finger joint
flexion sequence could provide a more natural rehabilitation
aid.

VI. CONCLUSION
This study systematically investigated the impact of actuator
size, mounting position, and design rules on joint-modular
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soft actuators for rehabilitation. Misalignment, especially
notable in more miniature actuators, affected ROM and
torque, emphasizing the importance of maintaining the
reference position for stable support.

Among the four design rules proposed in this paper, PsPL
(Proportionate actuator lengths to single-phalangeal length)
emerged as the most effective, closely mimicking natural
finger motions, particularly in enhancing support for joints
requiring higher torque, such as the MCP joint.

In conclusion, this research provides valuable insights into
the design considerations and operational parameters influ-
encing the efficacy of joint-modular soft actuators, paving
the way for advancements in assistive and rehabilitative
technologies.

APPENDIX

We have examined response surfaces for Range of Motion
(ROM) and torque in relation to actuator size and mounting
position, two fundamental parameters influencing bending
performance (Figure 22, 23). For ROM, we observed a
proportional increase with chamber size, contributing to
enhanced bending performance, while the impact of mount-
ing position was relatively minor. Conversely, in torque,
chamber size exhibited a significant effect, with notable
improvements in bending performance, particularly at the
reference position (0 mm). Considering these findings, our
design approach emphasizing larger chamber sizes and
mounting at the reference position, as advocated in this paper,
aligns with sound reasoning.
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